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Theory predicts that ring architectures built from an odd number of repressors oscillate, while even-85 numbered architectures have stable steady states 13, 14 . We experimentally built and tested a 4-node circuit 86 from LacI, TetR, PhlF and SrpR on linear DNA. Initial pulses of LacI inducer IPTG or TetR inducer aTc 87 allowed us to switch expression into either one of the two stable steady states (Fig. 3d) . 88 89 Encouraged by the robust oscillations observed in the 3n networks, we built two 5-node ring oscillators 90 (5n) to test our prototyping environment on a novel synthetic network architecture (Fig. 3e) . Despite their 91 considerable complexity both circuits oscillated over a broad range of dilution times with the expected 92 period lengthening, which could be as long as 19h. Comparing all ssrA-tagged 3n and 5n ring architectures, 93 we show that the observed periods could be accurately predicted for all four networks by computational 94 simulations ( Fig. 3f) . Our cell-free framework allows testing and characterization of complex networks 95 including verifying networks cloned onto a single plasmid, which is the closest approximation to in vivo 96 implementation (Supp. Fig. 3) . 97 98 To validate our cell-free approach in vivo we cloned the 3n1 and 3n2 networks onto low-copy plasmids and 99 co-transformed each with a medium-copy reporter plasmid into lacI-JS006 E. coli 15 . When tested on a 100 microfluidic device (mother machine 16 ), both 3n oscillators showed regular oscillations with periods of 6 101 ±1 hours for at least 30 hours ( Fig. 4a, Supp. Video 2,3) . Both oscillators were surprisingly robust as all 102 cells undergoing healthy cellular division oscillated (n = 71) (Supp.. Fig. 4, Supp. Video 4) . 103 104 We next tested our 5n oscillators in vivo. Due to loading effects 17 , 5n1 was not viable when co-transformed 105 with a strong reporter. When tested with a low expression strength reporter both 5n oscillators showed 106 robust oscillations that were maintained for at least 70 hours, and over 95% of all analyzed traps containing 107 healthy cells oscillated (n = 104). In addition, both 5n networks oscillated with similar periods: 8 hours for 108 5n1, and 9 hours for 5n2 ( Fig. 4b, Supp. Fig. 4, Supp. Video 5, 6, 7) . 109
110
We also tested both 3n oscillators on a CellASIC system, which allows planar single-layer colony 111 formation. In this system we observed a striking population level synchronization of daughter cells 112 observed behavior of complex networks in our cell-free environment reflected network behavior in vivo 141 well. The cell-free framework is thus a powerful emulator of the cellular environment allowing precise 142 control over experimental conditions and enabling studies that are difficult or time consuming to perform in 143 cells. With further developments in cell-free lysate systems and supporting technologies, the in vitro 144 approach is posed to play an increasing role in biological systems engineering and provides a unique 145 opportunity to design, build, and analyze biological systems. Preparation of TX-TL was conducted as described previously 7 , but using strain "JS006" co-transformed 151 with Rosetta2 plasmid and performing a 1:2:1 extract:DNA:buffer ratio. This resulted in extract "eZS4" Experiments were performed in a microfluidic nano-reactor device as described previousely 3, 7 with some 160 modifications to optimize the conditions for the lysate-based TX-TL mix. Reaction temperature was 33°C. 161
Lysate was diluted to 2x of the final concentration in 5 mM HEPES 5 mM NaCl buffer (pH 7.2). The 162 reaction buffer mix was combined with template DNA and brought to a final concentration of 2x. For a 24 163 h experiment 30 µl of these stocks were prepared. During the experiment, lysate and buffer/DNA solutions 164 were kept in separate tubing feeding onto the chip, cooled to approximately 6ºC, and combined on-chip. 165
We ran experiments with dilution rates (µ) between approximately 2.8 and 0.5 h -1 , which corresponds to 166 dilution times, t d = ln(2) µ -1 , between 15 and 85 min. These were achieved with dilution steps exchanging 167 between 7 and 25% of the reactor volume with time intervals of 7 to 10 min, which alternately added fresh 168 lysate stock or fresh buffer/DNA solution into the reactors. Dilution rates were calibrated before each 169 experiment. Initial conditions for the limit cycle analysis of the repressilator network were set by adding 170 pre-synthesized repressor protein at the beginning of each experiment. For this, CI repressor (together with 171 Citrine reporter) and TetR repressor (together with Cerulean reporter) were expressed for 2.5h in batch. On 172 chip the initial reaction was mixed to be composed of 25% pre-synthesis reaction and 75% fresh TX-TL 173 mix and repressilator template DNA. Then, the experiment was performed at a t d of 19.2 ± 0.3 min. Initial 174 conditions for the 4-node experiment were 2.5µM aTc or 250µM IPTG, and the experiment was performed 175 at a t d of 44.5 ± 0.9 min. DNA template concentrations used in steady-state reactions are listed in Supp. 176 Table 4 . Arbitrary fluorescence values were converted to absolute concentrations from a calibration using 177 purified Citrine, Cerulean, and mCherry, which were prepared using previously published protocols 178 utilizing a His6 purification method followed by size-exclusion chromatography and a Bradford assay to 179 determine protein concentration 8 . 180 181 DNA and strain construction 182 DNA was constructed using either Golden Gate Assembly or Isothermal Assembly. The original 183 repressilator plasmid, pZS1 6 was used as a template for initial characterization and for construction of the 184 O R 2* mutant. Transfer function plasmids were constructed by Transcriptic, Inc. For other plasmids, partial 185 sequences were either obtained from Addgene 10 or synthesized on gBlocks or ssDNA annealed 186 oligonucleotides (Integrated DNA Technologies). For linear DNA, all DNA was constructed using 187 previously published Rapid Assembly protocols on a "v1-1" vector 8 . Specific plasmids required secondary-188 structure free segments, which were designed by R2oDNA 23 . JS006 15 was co-transformed with origin-of-189 replication compatible plasmids to create engineered strains. Specifically, negative-feedback oscillator 190 units were cloned onto pSC101* low copy plasmids (ampR or kanR), while reporters were cloned onto 191 colE1 medium copy plasmids (kanR or cmR). To modulate the reporter copy number, all experiments were 192 conducted below 37°C 24 . Strain passage was minimized to avoid plasmid deletions due to the recA+ nature (1)
where P d and P f are dark and fluorescent reporter concentration respectively, t is time, Δt is the time 210 interval between dilution steps, dil is the volume fraction replaced per dilution step, which was determined 211 during the calibration of the device, and mat is maturation rate of the fluorescent protein. Maturation times 212 of Citrine and Cerulean were determined as described previously 3 and were 15 ±4 min for Cerulean and 29 213 ±3 min for Citrine. Dark fluorescent protein was calculated from equation (2): 214
mat ⋅ Δt 215 and the synthesis rate was calculated from equation (1): 216
We used the sum of measured fluorescent Cerulean concentration and equation (3) for dark Cerulean as a 218 measure of the total repressor protein present at any time during the experiment. 219
The synthesis rates were normalized to their respective maximal values (v max ) and plotted against the 220 concentration of the repressor reporter using only repressor concentrations higher than 1nM. The transfer 221 curves were then fit to a Hill function 222
where y is the synthesis rate, y min is the minimum synthesis rate, n is the Hill coefficient and K M is the 224 Michaelis Menten constant for half maximal promoter activity. The fitting was performed in Igor Pro using 225 orthogonal distance regression with ODRPACK95 assuming a 9% error in the measurements of Citrine and 226 Cerulean fluorescence. 227
V max measurements 229
Relative promoter strengths (v max values) were determined using the transfer function promoter plasmids. 230
In vitro strengths were determined in 5 µl TX-TL reactions at a DNA template concentration of 1nM. 231
Reactions were assembled in 384-well plates, overlaid with 35 µl Chill-Out Liquid wax (BioRad) and 232 analyzed using a Biotek SynergyMx plate reader set to 33ºC reaction temperature, and reading Citrine 233 fluorescence with Exc:510±9nm and Em:540±9nm. For comparison, Citrine fluorescence at 6h was 234 normalized to the value of pLacI. 235
In vivo strengths were determined using E. coli JS006 transformed with the same plasmids. Cells were 236 grown at 29ºC in MOPS medium supplemented with 0.4% glycerol and 0.2% casaminoacids. For each 237 strain, three independent overnight cultures were diluted 1:50 and grown to mid-log phase. They were then 238 diluted to a starting OD 600 of 0.15 into 100 µl growth medium in a 96-well plate and grown in the plate 239 reader at 29ºC with periodic shaking measuring Citrine fluorescence. Fluorescence values were normalized 240 to OD resulting in steady state values after 2 h. Average steady state values were normalized to pLacI for 241 comparison with the in vitro measurement. 242 243
In vivo experiments 244
Mother machine 16 experiments were conducted with custom-made microfluidic chips (mold courtesy of M. 245
Delincé and J. McKinney, EPFL). E. coli cells were trapped in channels of 30 µm length, 2 µm width and 246 1.2 µm height. Before loading onto the device, cells were grown from a frozen stock to stationery phase. 247
Cells were then concentrated 10-fold and loaded onto the chip. Experiments were performed using LB 248 medium supplemented with 0.075% Tween-20 at a flow rate of 400 µl/h. Oscillation traces were collected 249 from single mother machine traps using the background subtracted average fluorescence intensity of the 250 entire trap. 251
252
CellASIC experiments were conducted using B04A plates (Merck Millipore, Darmstadt Germany). Flow 253 rates were varied between 0.25 psi -2 psi. Cells were grown from frozen stock in media at running 254 temperature to stationery phase. Cells were then diluted 1:100 for 2 hours, and loaded on a equilibrated 255 plate at 1:1000 or less to achieve single-cell loading efficiencies per chamber. To vary cellular doubling 256 times, different growth media were used: LB (BD Biosciences), M9CA (Sigma Aldrich) with 0.2% The same reporter with a medium-strength degradation tag was used in both versions. d, A 4-node cyclic 389 negative feedback network on linear DNA has two stable steady states that depend on the initial conditions. 390 IPTG switched the network into the state where pPhlF was on and pTetR off. An initial pulse of aTc 391 resulted in the opposite stable steady state. e, Two 5-node negative feedback architectures oscillated with 392 longer periods than our 3-node networks as predicted by simulations ( Supplementary Information) (f) . Figure 1 . Oscillation parameter regime for a 3-node repressilator network in terms of dilution time. a, Transcription (TX) and translation (TL) rates supporting oscillations at different dilution times for a 3-node repressilator network. b, We experimentally studied the effect of varying transcription rates on the WT repressilator by measuring the range of dilution times that supported sustained oscillations. Transcription rates could be rapidly adjusted by varying DNA template concentrations of the repressilator plasmid. For different DNA template concentrations, oscillations occurred in different ranges of dilution times. Markers at a period of 0 h indicate a stable steady state, and shaded regions highlight dilution times that did not support oscillations for a specific DNA template concentration. A simulation of the repressilator network produced similar results but did not capture loading effects on the biosynthetic machinery for high DNA template concentrations. c, Increasing the K M value of one repressor, as for CI repressor in the O R 2* repressilator version, reduces the range of dilution rates that support oscillations as indicated by our experimental results (Fig. 2c) (see Supplementary Information for details on model). c.
Product of TX and TL rates cβ
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Repressor/Cerulean DNA concentration Time Supplemental Figure 3 . Engineering a 5-node negative feedback oscillator using the cell-free framework. A novel network architecture, which shows the intended behavior in silico is first assembled on linear DNA using in vitro characterized parts. Initial circuit testing on linear DNA is advantageous because: i) linear DNA can be synthesized in a few hours, ii) it allows rapid testing of multiple circuit variants, iii) and allows expression strengths of network components to be easily tuned by varying their relative concentrations. A functional circuit can then be further characterized to identify parameter ranges that support the desired behavior and to experimentally test hypotheses. If an in vivo implementation is intended, the cloned plasmids are verified for correct function in vitro before in vivo implementation. Shown are the distributions of observed period lengths with medians indicated by dashed lines. Both 3-node and 5-node networks exhibited robust oscillation with all growing cells oscillating for the 3-node networks and more than 95% of growing cells oscillating for the 5-node networks (defined as at least two distinct oscillation peaks per trace). Shown are four example traces for all oscillators in addition to the ones shown in Fig. 4ab . Both 3-node networks were analyzed using a strong pPhlF sfGFP-ssrA reporter and the two 5-node networks were analyzed using a weak pPhlF sfGFP-ssrA reporter. 
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Supplemental Video 1: 3-color in vitro run of repressilator at t d = 47 min. Shown on the right are individual channels of pCI-Citrine-ssrA, pTetR-Cerulean-ssrA, and pLacI-mCherry-ssrA. These are combined in the composite at the left.
Supplemental Video 2: 3n1 in mother machine, single trap. 3n1 using a pPhlF-BCD20-sfGFP-ssrA (strong) reporter is run in the mother machine at 29ºC in LB.
Supplemental Video 3: 3n2 in mother machine, single trap. 3n2 using a pPhlF-BCD20-sfGFP-ssrA (strong) reporter is run in the mother machine at 29ºC in LB.
Supplemental Video 4:
Run of a panel of 3n2 oscillators in mother machine, using pPhlF-BCD20-sfGFP-ssrA (strong) reporter. 
